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AMPs are part of the innate immune system among various types of
species, including mammals, amphibians, ﬁsh, insects, birds and plants
[1]. Their toxic activity focuses on Gram-negative as well as Gram-posi-
tive bacteria, fungi, viruses, parasites, and also mammalian cells. Besides
their natural relevance, AMPs have become of interest as templates for
the development of new antibacterial drugs, as bacteria get increasingly
resistant against classical antibiotics. Hence, understanding the function
of AMPs in detail is of great biophysical and medical importance.
The traditional characteristics of AMPs include their small size,
typically b10 kDa, amphiphilic properties and a positive charge
[2,3]. A lot of studies focus on the largest group of AMPs which inducepores in the cytoplasmic membrane of bacteria leading to their lysis
and cell death. This group of AMPs can discriminate between eucar-
yotic and procaryotic cells due to their different lipid composition. A
procaryotic cytoplasmic membrane typically contains the anionic
lipid cardiolipin and phospholipids with either an anionic PG or a
zwitterionic PE headgroup [4]. The outer leaﬂet of a eucaryotic cell
membrane typically contains sphingomyelin or lipids with the zwit-
terionic head group PC [5]. In vitro experiments [6,7] using model
membranes show that AMPs bind more strongly to PE and even
more strongly to anionic lipids but show negligible interactions
with PC lipids. Antimicrobial selectivity hence seems to arise from
the abundance of PE or anionic lipids in procaryotic and PC lipids in
eucaryotic membranes, in particular, the strong interaction of the
highly cationic AMPs with the anionic lipids based on charge comple-
mentarity. The view that mainly the anionic lipids exposed by bacte-
ria lead to strong interactions with antimicrobial peptides is also
supported by the ﬁnding that bacteria with particularly high concen-
trations of negatively charged lipids in the outer leaﬂet are especially
susceptible to AMPs [8].
The antimicrobial protein peptide NK-lysin (PDB ID: 1NKL) is
expressed in porcine natural killer (“NK”) cells. It consists of 78 residues
(~9 kDa) and forms ﬁve α-helical segments. A high antimicrobial activ-
ity and selectivity has been found for a peptide derived from the
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[9]. Three point mutations (L44V, S51T, and W58K) of this segment
leading to the amino acid sequence KILRGVCKKIMRTFLRRISKDILTGKK
and amidation of the C-terminus yield a peptide with a net charge
of +10; this peptide is denoted as NK-2 [9]. Experiments display activ-
ity of NK-2 against Gram-positive and Gram-negative bacteria but not
against human red blood or human skin cells [9]. NK-2 shows negligible
interactions with DPPC or POPC but signiﬁcantly interacts with DPPG
or POPG model membranes in experiment [10–12]. In particular,
Willumeit et al. studied the zeta potentials of DPPC, DPPE, and DPPG
vesicles in the presence of NK-2 as a function of the peptide:lipid ratio
[11]. Whereas increasing the peptide:lipid ratio did not affect the zeta
potentials of DPPC vesicles, it rendered the zeta potentials of DPPE
and DPPGmore positive. The largest effect was observed for DPPG ves-
icles, whose zeta potentials increased from −60 mV in the absence of
NK-2 to +30mV in the presence of NK-2 at a peptide:lipid ratio of
1:2. The charge reversal indicates that the strong attraction of NK-2 to
DPPG is not only driven by electrostatics alone. As the peptide is amphi-
philic, hydrophobic interactions could also play a role. However, such
interactions could also form with DPPC, such that the full mechanism
underlying antimicrobial selectivity cannot be deduced from these
experiments.
A powerful tool to understand the binding of AMPs to model
membranes on a microscopic level is provided by MD simulations.
Sayyed-Ahmad et al. [13] found that relative afﬁnities of antimicrobial
peptides for micelles from zwitterionic single hydrocarbon chain
lipids mimicking the interfacial electrostatics of the outer leaﬂet of
eucaryotic plasma membranes correlated with the rankings for the
peptides' hemolytic toxicities observed experimentally. On the other
hand, relative afﬁnities of antimicrobial peptides for micelles from an-
ionic single hydrocarbon chain lipids correlated with the experimen-
tally measured ranking for the antimicrobial activities of the peptides.
In these studies, the afﬁnities were computed by performing MD sim-
ulations of the systems in water and analyzing the trajectories using
molecular mechanics gas phase energies and solvation free energies
from continuum models.
Absolute binding afﬁnities of a peptide for amembrane or an inter-
facemay be obtained from simulationswhere the peptide is restrained
at different distances from the membrane [14–18]. Horinek et al. used
this technique to study the interaction of a mildly hydrophobic pep-
tide with a solid surface [14]. Davis and Berkowitz employed this
method to investigate the afﬁnity of the Alzheimer disease-related
amyloidβ(1–42) peptide formembraneswith different lipid composi-
tions [15]. Gray et al. studied afﬁnities of the antimicrobial peptide lac-
toferricin for POPC and POPG bilayers and found the peptide to bind
more strongly to PG [16,17]. The strong binding to POPG was partly
attributed to the gain in entropy due to the release of counterions
[16,17]. A similar method was applied to study the binding of the cat-
ionic β-hairpin antimicrobial peptide protegrin-1 to bilayers com-
posed of a mixture of POPG and POPE; here, the afﬁnity of the
peptide for the bilayer was attributed exclusively to the entropy gain
due to counterion release [18].
Pimthon et al. conducted MD simulations of NK-2 attached to a
DPPE or a DPPG bilayer at ambient conditions where both lipids
form a gel phase [19]. It was found that NK-2 binds to the interface
between the lipid head groups and the water with its hydrophobic
side pointing toward the interior of the membrane; NK-2 was ob-
served to penetrate somewhat more deeply into the head group re-
gion of DPPG than into that of DPPE, such that the peptide slightly
interacts with the hydrocarbon tails of DPPG but not with those of
DPPE, suggesting that hydrophobic interactions may support the
stronger binding of NK-2 to DPPG compared to a zwitterionic bilayer.
However, Pimthon's study referred to bilayers in the gel state where-
as the biologically relevant phase is the ﬂuid phase.
Here we have used MD simulations to compare the binding of
NK-2 to POPC and to the anionic lipid POPG, both lipids being in theﬂuid phase at ambient conditions. Calculations of absolute binding af-
ﬁnities may suffer from a sampling problem for the solvated state of
the peptide, as circular dichroism studies indicate that NK-2 in aque-
ous solution is disordered such that its conﬁgurational space might be
vast [12]. Instead, membrane-bound NK-2 is α-helical [12]. A coil–
helix transition upon adsorption at a membrane is observed for
many antimicrobial peptides. Hence, we concentrate on the bound
state and compare the afﬁnity of NK-2 for POPC and POPG by comput-
ing the free energy change upon the transfer of NK-2 from POPC to
POPG using thermodynamic integration. In order to be able to sample
sufﬁciently long timescales, a coarse grained model is employed. The
procedure is similar to that chosen previously to compare POPC with
POPE [20]. We ﬁnd that the free energy of transfer is strongly nega-
tive, indicating that NK-2 binds much more strongly to PG than to
PC, in agreement with experimental results [10–12]. As found previ-
ously for the free energy change upon the transfer of NK-2 from PC
to PE [20], the transfer free energy is found to be governed by a com-
plex interplay of competing interactions. In particular, the favorable
electrostatic interactions due to the interaction of the cationic peptide
with the anionic POPG lipids are overcompensated by an unfavorable
electrostatic contribution due to the release of counterions from the
peptide and the lipids. However, the counterion release leads to a
strong favorable contribution from ion hydration.
2. Methods
2.1. Setup
The systems studied here included a monocomponent phospho-
lipid bilayer of 128 phospholipids and approximately 2700 water
molecules simulated under periodic boundary conditions. The phos-
pholipid was either POPC or POPG. Both peptide-free bilayers and bi-
layers attached to a single NK-2 molecule were considered. The
charge of the cationic peptide was neutralized with ten counteranions
and the charge of the 128 POPG lipids with 128 cations. A typical con-
ﬁguration of the POPC and the POPG bilayer with NK-2 and the coun-
terions is shown in Fig. 1. The systems were described using the
MARTINI coarse grained model [21,22] which is based on a four-to-
one mapping of heavy atoms to coarse grained beads. In this model,
known or assumed secondary structure elements of peptides are
stabilized by appropriate constraints. Circular dichroism spectra
and molecular dynamics simulations suggest that NK-2 is α-helical
when attached to phospholipid bilayers [19,12]. Hence, the helix–
kink–helix structure of the sequence within the parent protein
NK-lysin was maintained via dihedral potentials on the backbone sta-
bilizing α-helical conformations except for the residues Thr-13 and
Phe-14 representing the kink.
A single POPC lipid molecule in coarse grained representation is
displayed in Fig. 2, where the Sn-1 chain is the saturated tail and con-
sists of four particles. The Sn-2 chain is the unsaturated tail with the
particle in the third position exhibiting a double bond character.
The simulation protocol was chosen according to standard settings
for the MARTINI model. In this model, the polarity of atomic groups is
parameterized by effective Lennard–Jones potentials of the form
VLJ rð Þ ¼ ij
σij
r
 12
−
σij
r
 6 
: ð1Þ
Here, σij denotes the closest distance of approach between two
particles and ij the strength of their interaction. The same effective
size, σ≡0.47 nm, is taken for each interaction pair except for the in-
teractions between charged particles and (i) the lipid tails or (ii) leu-
cine, isoleucine, or valine side chains for which σ≡0.62 nm. The
choline particle in POPC and the glycerol particle in POPG have the
same effective size of 0.62 nm but differ in their interaction strength.
The interaction parameter ε is larger for glycerol than for choline to
Fig. 1. Snapshot of the simulated systems in presence of NK-2. The systems contain one NK-2 peptide and its counteranions with (a) a hydrated POPC bilayer or (b) a hydrated POPG
bilayer with counter cations. The backbone of the peptide is shown in light green and the side chains in yellow. The choline head groups are shown in brown and the glycerol head
groups as lime colored spheres. The phosphate groups are indicated in dark blue. The lipid tails are represented as cyan sticks where pink indicates a double bond character. The
glycerol backbone is depicted as white sticks. The anions are depicted as blue and the cations as red spheres. Water is not shown.
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tions are truncated at 1.2 nm, and the respective forces decay
smoothly to zero between 0.9 and 1.2 nm. The choline groups of PC
as well as the N-terminal backbone bead of NK-2 together with its ar-
ginine or lysine side chains exhibit a single positive charge +e. The
amidation of the C-terminus of NK-2 was modeled by choosing the
C-terminal backbone bead (MARTINI particle type Nd) electrostatical-
ly neutral. Cl− or Na+ ions together with three water molecules are
modeled as LJ particles with charge −e or +e, respectively.
Charged coarse grained beads interact via a Coulomb potential
with a relative dielectric constant of 15 and truncated at 1.2 nm and
being shifted to mimic distance-dependent dielectric screening. The
lengths of backbone-side chain bonds of isoleucine, threonine, and
valine residues were constrained using LINCS [23]. This allowed us
to use an effective time step of 80 fs for the equilibration and 160 fs
for the production runs. The effective timescale is based on the diffu-
sion of lipid molecules [21]. A grid search algorithm with a 1.2 nm
cutoff was used, the corresponding neighbor list being updated
every ten steps. A temperature of 310 K was maintained using aFig. 2. The coarse grained representation of a NK-2 (left) and a POPC molecule (right).
The backbone of the NK-2 peptide is depicted as large yellow spheres. Nonpolar parti-
cles in the side chains are colored in dark blue, cationic side chain particles in red, in-
termediate polar particles in cyan and light green, and polar particles in gray. The
choline group in POPC is shown in dark blue, the phosphate group in brown, the glyc-
erol backbone in white, and the hydrocarbon tail particles in cyan for single bond and
pink for double bond character.Berendsen thermostat [24] with an effective relaxation time of
0.4 ps. The box size parallel and normal to the bilayer were scaled in-
dependently in order to maintain an average pressure of 1 bar in both
directions corresponding to a tension-free bilayer using a Berendsen
barostat [24] with an effective relaxation time of 0.8 ps and a com-
pressibility of 3×10−5 bar. Atomic positions and velocities were
written to trajectory ﬁles every 5000 steps, the energies were stored
every 100 steps. All simulations were conducted using GROMACS,
version 4 [25].
2.2. Analysis
The standard errors were estimated using block averages by divid-
ing the trajectories into three fragments. The number densities for
various groups normal to the bilayer were determined by choosing
a bin width of 0.06 nm and normalizing each density proﬁle such as
to be one at the maximum.
2.2.1. Lipid order parameters
The ordering of the lipid tails was investigated by determining the
lipid order parameters Sz,n, deﬁned by
Sz;n≡
3
2
cos2θz;n
D E
−1
2
; ð2Þ
where θz,n denotes the angle between the membrane normal parallel
to the z axis and the molecular axis deﬁned by the vectors connecting
the coarse grained beads Cn+1 and Cn−1 in the lipid tails. The symbol
〈…〉 refers to an average over time and over all lipids in the peptide-
free case or over the lipids in one leaﬂet in the presence of the pep-
tide. Note that in this deﬁnition the order parameter is (−2) times
the deuterium order parameters for phospholipids [26]. The order pa-
rameter varies between Sz,n=1 for θz,n=0 and Sz,n=−0.5 for
θz,n=π/2. A vanishing order parameter Sz,n indicates an isotropic ori-
entation of this segment.
2.2.2. Thermodynamic integration
The difference in the afﬁnity of NK-2 for POPC versus POPGwas esti-
mated using thermodynamic integration based on the thermodynamic
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tion for NK-2 at POPG and POPC, respectively, we computed the differ-
ence
Gtr ≡ ΔGPG−ΔGPC : ð3Þ
As the free energy is a state variable and, thus, independent of any
path, the free energy change for one cycle is zero,
−ΔGPC þ ΔG0 þ ΔGPG−ΔGp ¼ 0; ð4Þ
implies that Gtr=ΔGp−ΔG0. The quantity Gtr represents the free en-
ergy change upon the transfer of one NK-2 molecule from a POPC to a
POPG bilayer.
The free energy differences ΔGp or ΔG0 were computed by simu-
lating a hydrated bilayer in the presence and absence of the peptide,
respectively, with the counteranions and cations, the Hamiltonian
corresponding to a superposition of the Hamiltonian for the PG and
the PC system. The Hamiltonians differ in the LJ parameters and the
charge of the topmost coarse grain particle of each lipid, being the
positively charged choline group for PC and the neutral glycerol
group for PG. The relative weight of the Hamiltonians was governed
by a coupling parameter λ being 0 for the PC and 1 for the PG bilayer.
The coupling parameter describes the strength of the Lennard–
Jones interactions from Eq. (1) for the POPC and POPG lipids, VPCFig. 3. Thermodynamic cycle based on the four states PC, PC+NK-2, PG, and PG+NK-2, an
PC+NK-2 and PC refer to the system consisting of a POPC bilayer with and without an attac
taining POPG. The quantities ΔGp and ΔG0 represent the change in free energy during the tra
and ΔGPG occur upon binding of NK-2 to a POPC and a POPG bilayer, respectively.and VPG. To avoid possible problems with the linear interpolation of
the LJ interactions denoted as VPC for the choline group of PC and
VPG for the glycerol group of PG, these interactions were described
using a soft core potential [27],
Vsc rð Þ ¼ 1−λð ÞVPC rPCð Þ þ λVPG rPGð Þ: ð5Þ
Here, r denotes the distance between two particles, and VPC and
VPG are the “hard core” LJ interactions for PC and PG, respectively.
The peptide-free system and the system including the peptide were
simulated for λ=0.1 and at intermediate equidistant λ values with
Δλ=0.1. For each λ value, the system was equilibrated for 160 ns
and data was collected from the ﬁnal 600 ns of an 800 ns simulation.
The corresponding ∂G/∂λ values were integrated numerically using
the trapezoidal method.
The enthalpic contribution Htr to Gtr was determined from
Htr ¼ Utr þ pVtr ð6Þ
with p is the pressure and Vtr the volume change. The quantity Utr de-
notes the corresponding change in the internal energy obtained from
Utr ¼ Epot;tr−Ekin;tr ¼ Epot;tr ð7Þ
where Epot, tr and Ekin, tr=0 denote the change in potential and kinetic
energy, respectively. The change in potential energy includes alld alchemical transitions between these states. A conﬁguration of each state is shown.
hed NK-2 peptide, respectively. PG+NK-2 and PG refer to the analogous systems con-
nsition of POPC to POPG in presence and absence of NK-2. The free energy changes ΔGPC
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clude contributions from bond stretching and bond angle bending, as
well as dihedral angles. The non-covalent contributions are the LJ and
the electrostatic contributions. The entropic contribution, −TStr, was
determined using the Gibbs–Helmholtz equation
−TStr ¼ Gtr þ Htr : ð8Þ
3. Results and discussion
3.1. Orientation of NK-2
To obtain the initial structure for thermodynamic integration,
NK-2 was placed close to a POPC bilayer with the cationic lysine
and arginine residues facing the membrane surface. The system was
simulated until NK-2 attached to the bilayer. During the simulation
the peptide reoriented and permanently attached with the hydropho-
bic side to the POPC bilayer yielding the initial structure for the ther-
modynamic integration procedure. X-ray scattering data [12] and
previous MD simulations [19,28] conﬁrm the parallel alignment of
NK-2 to phospholipid monolayers and bilayers. During our TI simula-
tions the center of mass distances between the peptide and the two
kinds of bilayers equilibrate after 150 ns as shown in Fig. 4 (bottom).
For the remaining 650 ns the peptide keeps the penetration depth
within the bilayers. It is interesting to note that the ﬁnal penetration
depth is the same but that the depth equilibrates more quickly for
POPG (within 20 ns) than for POPC (100 ns), indicating a larger driv-
ing force for the penetration of NK-2 into the POPG than into the
POPC bilayer.
The orientation of NK-2 at the POPC and POPG bilayers was ana-
lyzed in terms of density proﬁles. Fig. 4 shows the rescaled number
densities as a function of the position normal to a POPC and a POPG
bilayer in the presence and absence of NK-2 averaged over the ﬁnal
600 ns. The distributions indicate stable bilayers for all systems. InFig. 4. Rescaled number densities of the coarse grain particles as a function of the position
(right) in the presence (top) or absence of the peptide (bottom). At the very bottom, the cen
in black and red, respectively.particular, no water or lipid head group is observed in the hydropho-
bic interior of the bilayer; which implies the absence of pore forma-
tion. The choline, glycerol, and phosphate groups reside at the
interface between the water and the lipid tails. The distributions of
the choline and the phosphate groups overlap. Compared to choline
for POPC, the glycerol end groups of POPG are clearly shifted towards
the water phase, indicating a stronger hydration. For decreasing dis-
tances from the center of the bilayer, the water density decays from
the value in the bulk to essentially zero with a shoulder at the loca-
tion of the phosphate groups, the shoulder being higher for POPC
than for POPG. Counteranions distribute freely in solution but are en-
hanced in the vicinity of the peptide and the membrane interface, the
accumulation being stronger for POPC than for POPG. Counter cations
are located between the anionic phosphate groups in POPGwhich has
also been previously observed in atomistic simulations [29].
If NK-2 is present the peptide resides at the interface between the
head group and the tail region of the lipid bilayer for both POPC and
POPG. For comparison, NK-2 penetrates less deeply into DPPG or
DPPE bilayers in the gel phase, but stays at the interface between
the head groups and the tails, as observed by Pimthon and coworkers
[29]. The deeper penetration into POPC or POPG is apparently facili-
tated by the ﬂuid andmore disordered character of these lipids at am-
bient conditions. The penetration depth is similar for POPC and POPG,
indicating that the hydrophobic interactions are similar in both cases.
A contact analysis considering coarse grained beads with distances
smaller than 0.5 nm indeed shows that the number of contacts be-
tween nonpolar groups from the peptide and the lipid with the
water is not changed by the transfer (data not shown). In contrast,
a lower exposure of nonpolar groups to water was found to favor
the transfer of NK-2 from POPC to POPE [20].
For NK-2 at POPC, the distribution of the lysine or arginine resi-
dues as well as the N-terminus of the peptide coincides with the dis-
tribution of the choline groups of the lipids. In contrast, the nonpolar
residues reside at the interface between the head groups and the tails
of the lipids. The hydrophobic residues show a shoulder at the lipidnormal to the bilayer, z. The graphs show the systems containing POPC (left) or POPG
ter of mass distances between the peptide and the POPC and POPG bilayer are indicated
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drops rapidly while the presence of water increases. For NK-2 at
POPG the cationic side chains are located between the phosphate
and the glycerol groups. The density proﬁle of hydrophobic residues
drops monotonously to zero in the head group region. Overall, these
results highlight the amphiphilic nature of NK-2 and the favorable
partitioning of its polar and nonpolar side at the interface. The aver-
age angle between the two helices of the helix–kink–helix structure
of NK-2 and the corresponding standard deviations are very similar
for the two lipid species, being 134°±20° at POPC and 129°±18° at
POPG.Fig. 5. Lipid order parameters Sz,n of POPC and POPG, with and without NK-2. In the
presence of NK-2 the order parameters were calculated for the peptide associated
and non-associated leaﬂet. Chain Sn-1 is the saturated tail and consists of four particles.
Chain Sn-2 is the unsaturated tail with the particle in the third position exhibiting dou-
ble bond character. Errors are standard deviations of three block averages.3.2. Effect of peptide on POPC and POPG bilayers
The effect of NK-2 on a POPC and POPG bilayer is monitored in
terms of the area per lipid and the lipid order parameters which are
displayed in Table 1. The area per lipid is calculated from the cross-
sectional area of the simulation box (the plane parallel to the bilayer
surface) divided by the number of lipids per leaﬂet (64 lipids). The
area per lipid at 310 K is 0.653 nm2 for POPC and 0.642 nm2 for
POPG. Previous atomistic simulations at 310 K yielded 0.660 nm2 for
POPC, and 0.530 nm2 or 0.663 nm2 depending on the force ﬁeld
for POPG [17,30,31]. Experimental data for 303 K yield 0.683 nm2
for POPC [32]. Comparison with experimental results for POPG is
not possible, as estimates for the area per lipid for monocomponent
POPG bilayers are not available. It should be noted that experimental
areas per lipid depend on the model used to interpret experimental
raw data and can vary by up to 13% [30,32–34].
Upon adsorption of NK-2 to the bilayers the average area per lipid
increases by about 1.7%. The additional material from the peptide,
which adsorbs between the head groups and partially also between
the lipid tails, as indicated in Fig. 4, is the likely reason for the increase
in the area per lipid. An area increase of up to 5% upon addition of the
antimicrobial peptide melittin to giant unilamellar vesicles has been
observed in a study by Huang and coworkers using microscopy. The
similarity between values for the relative area increase induced by
peptides or lateral tension led to the proposal that both processes
could arise from similar mechanisms [35]. MD simulations of melittin,
though, indicate that pore formation by melittin is not driven by me-
chanical tension but the appearance of strong electric ﬁelds in the
membrane due to interfacial aggregation of the cationic peptide [36].
Changes in membrane thickness correlate with changes in the
order of the lipid tails. The lipid order parameters were calculated
according to Eq. (2). These parameters cannot be directly compared
to experiments which would in fact require an atomic resolution of
the model; however, the parameters do give a measure for the order-
ing of the lipid tails as a function of the position along the tails, the
lipid composition, and the absence or presence of the peptide. The
order parameters are shown in Fig. 5.
Binding of NK-2 to a POPG bilayer leads to an increase in the aver-
age order parameters for the Sn-1 chain in the cis leaﬂet together with
the decrease in the order parameters for the distal leaﬂet, as observed
in previous simulations of NK-2 at POPE and magainin at PC bilayer.
The effect is more pronounced for POPG than for POPC. For the longer
Sn-2 chains the difference in lipid order parameters is within the
standard deviations. An increase in the order parameters for the cis
leaﬂet and a decrease in the order parameters for the distal leaﬂetTable 1
Average area per lipid (in nm2) of POPC and POPG bilayers, in presence and absence of
NK-2. Errors are standard deviations.
POPC POPG
With NK-2 0.665±0.01 0.653±0.008
Without NK-2 0.653±0.01 0.642±0.008have also been observed in previous MD simulations of NK-2 at
POPE and magainin at a PC bilayer [20,37]. An overall decrease in
the order of the lipid tails in PC and PC/PG bilayers upon addition of
(α-helical) AMPs is indicated experimentally from an increase in 2H
nuclear magnetic resonance (NMR) quadrupolar splittings [6].
3.3. Thermodynamics of NK-2 binding
3.3.1. Free energy and enthalpy–entropy decomposition
Thermodynamic integration yields a change in free energy of the
transfer of NK-2 from POPC to POPG of Gtr=−56±6 kJ/mol. For
comparison, the change in free energy of the transfer of NK-2 from
POPC to POPE found in our previous study was −10 kJ/mol. This im-
plies that the afﬁnity of lipids for NK-2 increases in the order
POPCbPOPEbPOPG, in agreement with the ranking observed experi-
mentally [11].
The enthalpic contribution to Gtr as calculated from Eq. (6) is Htr=
−72±34 kJ/mol and the entropic component from Eq. (8) is −TStr=
16±35 kJ/mol. Hence, the change in free energy is determined by the
large enthalpic terms which determines the sign of Gtr. The results are
summarized in Table 2.
The dissection into entropic and enthalpic contributions for coarse
grained simulations has to be interpreted with care, because the coarse
graining implies an average over local degrees of freedom. In particular,
water is modeled as a Lennard–Jones ﬂuid where each Lennard–Jones
particle represents four water molecules. Thus, the orientations of the
water molecules are not included explicitly in the model. In addition,
the dielectric properties of the water based on water reorientation are
described by a Coulomb potential with a temperature-independent di-
electric constant. Entropy-based free energy changes corresponding to
changes inwater orientations such as the hydrophobic effect or interac-
tions between charged particles in solution [38] are hence described by
effective interactions and included in the enthalpic component.
3.3.2. Entropy decomposition
The entropy change is considered to be the sum of contributions
from peptide–peptide correlations, SP, tr (peptide entropy), cation–
lipid and anion–lipid correlations (cation and anion entropy), SCATION, tr
and SANION, tr, respectively, and the remaining entropic contributions,
SR, tr, i.e.,
Str ¼ SP;tr þ SANION;tr þ SCATION;tr þ SR;tr: ð9Þ
Table 2
Change in free energy upon transfer of NK-2 from a
POPC to a POPG bilayer, Gtr, as well as corresponding
enthalpic or entropic contribution, Utr or −TStr, from
thermodynamic integration in kJ/mol. The entropic
component is dissected into contributions from the pep-
tide, −TSP, tr, the anions, −TSANION, tr, the cations,
−TSCATION, tr, and the water and lipids, −TSR, tr. Further-
more, EtotLJ, tr, EtotEL, tr, and Ebonded, tr are the changes in
the total Lennard–Jones, Coulomb and bonded interac-
tion energies upon the transfer of NK-2 from POPC to
POPG. The change in LJ interactions of cations with the
lipids and the solution is denoted as Eljcat, tr and the con-
tributions from LJ interactions of the anions with the
rest of the system as Eljan, tr. Errors are standard errors.
Gtr −56±6
−TStr 16±35
Utr −72±34
−pVtr 7±8
−TSP, tr −19±8
−TSANION, tr −2.8±0.9
−TSCATION, tr −9.9±0.3
−TSR, tr 31.7±8
EtotLJ, tr −55±9
EtotEL, tr −4.5±4.6
Ebonded, tr 6±2
Eljcat, tr −63±17
Eljan, tr −43±3
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quasi-harmonic approximation [39] was −TSP, tr=−19±8 kJ/mol.
As the backbone conformation was ﬁxed for the helical regions and
the main degree of freedom of the backbone was the kink between
the helices which, however, was very similar on average with similar
standard deviations, the peptide entropy seems to arise from in-
creased conformational freedom of the side chains when NK-2 is at-
tached to the POPG bilayer.
3.3.2.2. Cation entropy. Cations are present in the systems containing a
POPG bilayer. On average, the peptide-free POPG bilayer is found to
bind 97 cations which means that 75% of the counterions are bound
to lipids. For comparison, in atomistic simulations of POPG bilayers
in the presence of Na+ counterions, 63% or 81% of the counterions
depending on the force ﬁeld were bound to POPG [17,31]. In our
coarse grained simulations, the cations bind to the phosphate groups.
In atomistic simulations, most Na+ countercations bind to the phos-
phate groups or the glycerol backbone depending on the model ap-
plied [17,31]. In the model used here, the ions are described using
coarse grained beads that contain also the ﬁrst hydration shell of
the ions. Atomistic simulations predict that upon binding of ions to
lipids the ions either keep their hydration shell or are partially dehy-
drated, again being force ﬁeld dependent [17,31]. The binding of a sig-
niﬁcant fraction of the counterions to the lipids implies that the
negative charge of the lipids is largely though not fully compensated
by the positive charge of the counterions. A negative net charge of
pure PG bilayers is indicated from negative zeta potentials for PG ves-
icles measured by Willumeit and coworkers [11].
In the presence of NK-2, ﬁve cations from the peptide-associated
leaﬂet and one cation from the peptide free leaﬂet, thus, altogether
six cations, are released into bulk solution. This is also indicated in
Fig. 4. Five cations were observed to be released upon binding of
LFCinB to POPG in the MD simulations by Gray and coworkers.
Based on considerations using a simpliﬁed analytical model the au-
thors suggested that the entropy gain from the counterion release
was one of two major factors underlying the strong binding of LFCinB
to POPG. However, the work did not attempt to estimate the magni-
tude of the corresponding contribution to the binding free energy
[17].In our system, the release of the cations will be associated with an
increase in the translational entropy of the cations for the motion
normal to the bilayer (z axis). This change in entropy is calculated
from
SCATION;tr ¼ N RT ln
Δz′
Δz
: ð10Þ
Here N=6 is the number of released cations and Δz′=5.89±
0.06 nmandΔz=3.10±0.08 nmdenote thewidth of the region in z di-
rection accessible to ions in solutions and bound to the bilayer, respec-
tively. The release of six cations from the POPG bilayer yields an
entropic contribution to the transfer free energy of −9.9±0.3 kJ/mol.
Here, only theﬁnal 150 nswere used to analyze the change in cation en-
tropy. The error is estimated from three block averages.
3.3.2.3. Anion entropy. Anions are present as counterions in the systems
of the thermodynamic cycle containing the NK-2 peptide. For NK-2 at-
tached to POPG three anions are bound to the peptide associated leaﬂet
whereas the POPC bilayer with NK-2 binds four anions, with three an-
ions being located at the peptide associated and one at the peptide
free leaﬂet. The change in entropy due to the release of one anion
from the peptide free leaﬂet during the transfer of POPC to POPG was
determined from Eq. (10) replacing SCATION, tr by SANION, tr and using
N=1, yielding−SANION, tr=−2.8±0.9 kJ/mol.
3.3.2.4. Overall membrane charge and rest entropy. Binding of NK-2
changes the charge of a POPG bilayer; the binding of the peptide
with charge +10e and three counteranions, and the release of six
countercations from the lipids changes the overall charge of the bilay-
er by +1e. Hence, the change in charge is much less than the charge
of the bare peptide, but nevertheless the charge of the bilayer be-
comes less negative. This is in agreement with the experimental ﬁnd-
ing that zeta potentials of DPPG vesicles become less negative if NK-2
is added [11].
The favorable contributions from the ion and peptide entropies
are compensated by the rest entropy which according to Eq. (9)
amounts to −TSR, tr=31.7±8 kJ/mol.
3.3.3. Enthalpy decomposition
The enthalpic contribution due to the change in volume according to
Eq. (6) is pVtr=7±8 kJ/mol. Hence, this contribution is zero within the
error and, therefore, will not further be considered in our discussion.
The contribution from covalent interactions arising from bond stretch-
ing, bond angle bending, and dihedral angles, is Ebonded, tr=6±
2 kJ/mol. Our analysis will consider two types of non-covalent interac-
tions, namely, electrostatic and hydrophobic interactions.
3.3.3.1. Electrostatic peptide–lipid interactions. Naively it is expected
that the increased afﬁnity of NK-2 to PG compared to PC arises from fa-
vorable electrostatic interactions between the cationic peptide and
the anionic PG lipid headgroups. Indeed, the electrostatic interaction
between NK-2 and the lipid headgroups yields a contribution of
−50 kJ/mol to the transfer free energy. Among this, the largest contri-
bution amounting to−38 kJ/mol comes from the interaction between
the peptide and the choline/glycerol moiety of the headgroup, as
shown in Table 3. This is likely due to the electrostatic repulsion be-
tween the cationic peptide and the cationic choline group for PC absent
for PG as the glycerol group is neutral. Nevertheless, also the electrostat-
ic interaction between NK-2 and the phosphate groups becomes more
favorable by−12 kJ/mol upon the transfer.
Some frustration within the POPC bilayer is given from the cation-
ic moieties of the peptide side chains repelled by choline groups but
attracted by the anionic phosphate groups. For PG there is no cationic
moiety in the headgroup such that the cationic peptide can bind more
strongly to the phosphates and the frustration is lost. A plot, which
Table 3
Change in Coulomb interaction energy EEL, tr in kJ/mol for the transfer of NK-2 from a
POPC bilayer to a POPG bilayer, according to the thermodynamic cycle.
C/G PO4 NK-2 Anion Cation
C/G −7±1
PO4 −22±3.8 1±1
NK-2 −38±0.8 −12±2.3 −2±1
Anion −32±0.7 −8±0.4 8±1.8 0.1±0.05
Cation 0 93±8 13±0.8 −54±1.2 −8±1
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cluding the N-terminus (NT) with the choline (NC3) and with the
phosphate (PO4) group, is shown in Fig. 6. Favorable for the transfer
of NK-2 from POPC to POPG is the loss of repulsion between the cat-
ionic side chains and the N-terminus and the choline group in POPC
as well as the stronger binding of the lysine residues to the phosphate
group in POPG than in POPC.
3.3.3.2. Electrostatic ion–lipid, ion–peptide, and ion–ion interactions.
Although it is electrostatically favorable to transfer NK-2 from PC to
PG in terms of the peptide–lipid interactions as expected, the corre-
sponding energetic contribution is overcompensated by competing
interactions. In the absence of the peptide, 97 of the anionic PG head
groups bind counterions, which is evident from the number density
proﬁles in Fig. 4. When NK-2 binds to PG, six of these counterions are
released, yielding an unfavorable energetic contribution due to the elec-
trostatic interactions between PG and the cations of +93±8 kJ/mol, as
shown in Table 3.
On the other hand, if most cations are accumulated at the bilayer
they interact with each other unfavorably due to electrostatic repul-
sion. Release of cations into the solutions will thus be favorable in
terms of cation–cation interactions, yielding −8 kJ/mol. In turn, the
counterions of the peptide staying always close to the latter, the an-
ions, interact less favorably with the lipids. When NK-2 is attached
to PC, they favorably interact with the cationic choline moiety. When
NK-2 is transferred to PGwhich contains no cationicmoiety, this inter-
action is lost; thus, the electrostatic interactions between the anions
and the lipids yield an unfavorable contribution of +32±0.7 kJ/mol,
as given in Table 3.
When NK-2 is attached to PC where the anions favorably interact
with the cholines, the anions also interact more strongly with theFig. 6. Coulomb interaction energy between charged groups of NK-2 (ASP, ARG, LYS, or
the N-terminus (NT)) and the choline (NC3, green color in the left panel) and phosphate
groups of POPC and POPG (PO4; right panel: green for PC and blue for PG). Glycerol has no
charge and therefore does not contribute to the Coulomb energy. ΔPG–PC (red color) in-
dicates the difference between PO4:PG and PO4:PC. Errors are standard errors of three
block averages for the ﬁnal 450 ns.peptide. When NK-2 is transferred to PG where favorable electrostatic
interactions between the anions and the lipids do not exist, the an-
ions also interact less strongly with the peptide. Therefore, the elec-
trostatic interactions between the peptide and the anions yield an
unfavorable contribution upon the transfer of +7.5±1.8 kJ/mol. On
the other hand, if NK-2 is attached to PC where the anions stay closer
to the peptide, the ions also stay closer to the phosphate groups
which is energetically unfavorable. When NK-2 is transferred to PG
where the anions interact less with the peptide, they also interact
less with the phosphate groups. This yields a favorable energetic con-
tribution from the electrostatic interaction between the anions and
the phosphate groups upon the transfer of −7.6±0.4 kJ/mol which
compensates the unfavorable component from the interaction be-
tween the peptide and the anions.
When the cationic peptide is bound to PC it does not interact with
any free cations but it does so when transferred to PG where free cat-
ions are accumulated. This yields an unfavorable energetic contribu-
tion from the electrostatic interactions between the peptide and the
cations of +13±0.8 kJ/mol. Likewise, when NK-2 is bound to PC its
counterions, the free anions, do not interact with any free cations.
When NK-2 is transferred to PG where free cations are accumulated,
the free cations and anions interact favorably. This yields a favorable
contribution from the electrostatic interaction between the free an-
ions and cations of −54±1.2 kJ/mol.
Further electrostatic interactions occur between the lipid head
groups. Upon the transfer of NK-2 from PC to PG, the electrostatic inter-
actions between the phosphates and the choline or glycerol moieties of
the lipids change by−22±3.8 kJ/mol. The total contribution fromelec-
trostatic interactions to the transfer free energy is −4.5±4.6 kJ/mol
which is zerowithin the error. The favorable contribution from the elec-
trostatic attraction between the cationic peptide and the anionic POPG
bilayer is compensated by competing electrostatic interactions due to
the presence of counterions.
3.3.3.3. Other noncovalent (Lennard–Jones) interactions. Nonbonded
interactions include also Lennard–Jones interactions. In the coarse
grained model used here, the Lennard–Jones interactions also encode
the polarity of groups and, in particular, the hydrophobic effect.
The latter does not seem to play a role in the transfer of NK-2
from POPC to POPG, as the number of contacts between nonpolar
groups and the water remains unchanged. The total contribution of
Lennard–Jones interactions to the transfer energy is −43.3 kJ/mol,
as given in Table 2.
The Lennard–Jones interactions between and within different
groups of the system are given in Table 4. The largest favorable contri-
bution comes from the cation–water interactions yielding −143±
16 kJ/mol, apparently arising from the release of six countercations
from the lipids. The cation–anion interactions yield −42±1 kJ/mol.
These favorable interactions of the cations are partially compensated
by an increase in the unfavorable contributions from cation–glycerol
(45±4 kJ/mol), cation–phosphate (72±4 kJ/mol), and cation–tails in-
teractions (19±1 kJ/mol).
The release of one anion into the water is unfavorable in terms of
anion–choline/glycerol (+10±0.6 kJ/mol), anion–phosphate (+6±
0.3 kJ/mol), and anion–K,R,NT interactions (5±1 kJ/mol), but favor-
able in terms of anion–water (−17 kJ/mol) and anion–cation interac-
tions (−42 kJ/mol). Due to the release of anions and cations into the
water the water interacts less strongly with itself, yielding an unfa-
vorable contribution of +71±20 kJ/mol.
The water–phosphate interactions contribute−23±10 kJ/mol and
the water–K,R,NT interactions+11±5 kJ/mol. Favorable contributions
arise from the interactions between the nonpolar residues and the tails
(−12±3 kJ/mol), the tail–tail interactions (−13±8 kJ/mol), the K,R,
NT–C/G interactions (−40±0.4 kJ/mol), the K,R,NT–phosphate inter-
actions (−7±1 kJ/mol), and the phosphate–C/G interactions (−11±
3 kJ/mol).
Table 4
Change in Lennard–Jones interaction energy ELJ, tr in kJ/mol of the transfer of NK-2 from a POPC bilayer to a POPG bilayer, according to the thermodynamic cycle. “NONP” denotes
nonpolar residues.
C/G PO4 Tails K,R,NT NONP Water Anion Cation
C/G 0±1
PO4 −11±3 −1±1
Tails −2±1 −0.8±1 −13±8
K,R,NT −40±0.4 −7±1 5±4 0.3±1
NONP −3±0.2 −5±0.5 −12±3 1.5±0.3 1.4±1
Water 2±11 −23±10 −3±5 11±5 9±2 71±20
Anion 10±0.6 6±0.3 0.4±0.03 5±1 1±0.2 −17±3 −0.1±−0.04
Cation 45±4 72±4 19±1 −10±0.4 −4±0.2 −143±16 −42±1 7±1
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The free energy change upon the transfer of NK-2 from a zwitter-
ionic POPC bilayer to an anionic POPG bilayer has been studied using
thermodynamic integration in conjunction with a coarse grained
model. The change in free energy Gtr=−56±6 kJ/mol indicates a
stronger binding of NK-2 to the anionic POPG bilayer in agreement
with experimental data [11,12]. The transfer free energy indicates a
very high selectivity of NK-2 between pro- and eucaryotic cells. This
is in agreement with experiments probing the afﬁnity of NK-2 for
model membranes [10–12], as well as with studies showing toxic ac-
tivity of NK-2 against Gram-positive and Gram-negative bacteria but
not against human cells [9].
In our model the binding process is dominated by an enthalpic
contribution Utr=−72±34 kJ/mol. The total change in entropy
is −TStr=16±35 kJ/mol. The favorable transfer of NK-2 from POPC
to POPG arises from a complex interplay of competing interactions.
A favorable contribution to the transfer of −50 kJ/mol is provided
by the electrostatic interactions between the cationic peptide and
the anionic POPG lipid. However, this favorable component is over-
compensated by an unfavorable electrostatic contribution from the
release of the counterions from the lipids, yielding +90 kJ/mol. A fa-
vorable contribution arises from the interaction of cations and anions,
contributing −54 kJ/mol. Other more subtle electrostatic contribu-
tions also play a role. The total contribution from electrostatic interac-
tions is zero within the error.
The release of six cations from the POPG bilayer upon binding of
NK-2 leads to a favorable entropic component of −TSCATION, tr=
−9.9 kJ/mol. Favorable contributions arise also from the release of a
single anion from the membrane (−TSANION, tr=−2.8 kJ/mol) and a
change in peptide entropy (−TSP, tr=−19 kJ/mol). These favorable
entropic contributions are compensated by other entropic compo-
nents such that the net contribution from the entropy in our model
is zero within the error.
The energetic component is approximately equal to the contribu-
tion from the Lennard–Jones interactions which are also governed by
a complex interplay of competing terms. In the coarse grained model
used, the Lennard–Jones interactions include ionic, polar, and nonpo-
lar solvation. An analysis of contacts between nonpolar groups and
the water suggests that hydrophobic interactions do not contribute
to the transfer energy. The largest contribution of−140 kJ/mol arises
from the cation–water interactions, apparently due to the release of
some countercations from the lipids.
The repulsion of cationic ions that normally form cationic bridges
between lipid headgroups, leading to destabilization of the mem-
brane, has been hypothesized to be one mode of action of antimicro-
bial peptides [17]. The observation of counterion release from POPG
lipids by two different antimicrobial peptides using different models
in our work and that by Gray and coworkers suggests that counterion
release upon the binding of an antimicrobial peptide is a generic and
real effect.
Taken together, this work highlights the fact that the binding of
an antimicrobial peptide to a membrane is not only governed bypeptide–membrane but also by ion–membrane, ion–ion, and ion–
water interactions, implying a competition between the peptide and
other cations in the solution in terms of membrane binding. This
might explain the experimental observation that increasing concen-
trations of divalent cations like Ca2+ and Mg2+ may inhibit the anti-
microbial action of a peptide [40].
In a recent joint experimental and simulation study, Horinek et al.
revealed that the adsorption of a mildly hydrophobic peptide from
water to a solid hydrophobic surface is governed by a complex inter-
play of opposing interactions that largely compensate each other and
that there is no single mechanism explaining the hydrophobic attrac-
tion between the peptide and the surface [14]. Competing interac-
tions were also found to govern the free energy change upon the
transfer of NK-2 from a POPC to a POPE bilayer [20]. On the other
hand, it is known that the apparently simple electrostatic attraction
between oppositely charged ions in solutions arises from a subtle bal-
ance of ion–ion, ion–water, and water–water interactions [38]. We
ﬁnd here that the stronger binding of a cationic peptide to an anionic
compared to a zwitterionic membrane cannot be explained by a sin-
gle mechanism, but that the favorable electrostatic interactions be-
tween the peptide and the lipids and the entropy gain from the
release of counterions, being the most obvious driving forces, are ac-
companied by other favorable but also by opposing interactions that
largely balance each other. Hence, the simple selectivity mechanism
based on charge complementarity is in fact the result of a complex
molecular reality.
A possible follow-up of this study would be to investigate if the
addition of NK-2 to mixed PC/PG bilayers induces domain formation,
as observed for another AMP attached to PG/PE bilayers [41]. Also, as
these peptides act at high concentrations, it would be interesting to
study how several peptides perturb a bilayer and, possibly, induce
pore formation.Acknowledgements
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